Based on wind tunnel tests of drag loading on stay cables, the paper analyzes the law of change of drag coefficients influenced by various influence factors. The investigation shows that the wind direction angles have a great influence on the drag coefficients and the variation of the inclination angles constitutes the dominant role during the tests. For the stay cable surface, if the helical fillet or dimpled pattern is adopted, the roughness of the surface could be increased and thus the aerodynamic property could be improved. However, once the roughness is improved, the drag coefficients will be increased a lot and the variation is relatively stable. The presence of turbulence will obviously reduce the drag coefficients because turbulence could increase the effective Reynolds number of the stay cable.
Introduction
The stay cables of cable-stayed bridges will suffer more wind loads due to the increased bridge span. The wind loads on stay cable sometimes have become the important control factors in the large span cable-stayed bridge design. What's more, the stay cables are high in flexibility, small in weight, and low in damping, thus the issues pertaining to wind induced vibrations, particularly rain-wind vibration of stay cables become increasingly significant. The adopting of aerodynamic measures could effectively control the wind induced vibrations, but the drag coefficients would be influenced. If the drag coefficients are too big, the wind loads on structure will sequently be high and the effecting mechanism is not quite clear now.
Based on the wind tunnel tests for the super large span cable-stayed bridges such as Sutong Bridge, Stonecutters Bridge, and Edong Yangtze River Bridge, Research Center for Wind Engineering of Southwest Jiaotong University (RCWE-SWJTU) and China Aerodynamics Research and Development Center (CARDC) have conducted many studies relating to drag coefficients of stay cables [Minshan Pei et al. (2006) Nan Luo et al. (2007) Qifeng Suo et al. (2010) and Weihua Wang et al. (2005) ]. The research is very important to the large span cable-stayed bridges design and construction. Based on the above investigation, the paper studies the various influencing factors on drag coefficients.
Testing Equipments and Technique

Equipments and Model
The tests were conducted in wind tunnels of RCWE-SWJTU and CARDC. The XNJD-1 wind tunnel is a closed circuit type with tandem testing sections and the XNJD-2 wind tunnel is an open circuit type specially designed for rain-wind vibration study of stay cables. The low speed wind tunnel of CARDC can generate the best quality wind flow in China and the turbulence intensity in the smooth condition is less than 0.14%. The test section of the wind tunnel is 4 m wide and 3 m high.
A model with scale of 1:1 was selected so as to ensure the consistence of Reynolds number and surface condition. The material of the model was the same with the real stay cables. The length of the model could satisfy the aspect ratio and the model surface was made according with the prototype cable. The model was composed of an action model of 1.8m long and two pesudo models of 1.05 m long. The outline and material of the pesudo models were the same with the action model and between them there was a gap of 1 2 mm. In this way the models were adjacent but not connected so the influence of end effects would be eliminated. The models were installed in the same axis and were connected to a force balance installed inside of the action model. The installation and the surface patterns of model are shown in Fig. 1-6 .
The drag on the model is expected to be in the range of 10N-480N varying with wind speeds and inclinations. The total mass of the action model, connection parts and the balance ranged from 30kg to 40kg, depending on cable diameter and the sting. Thus the balance type TG0401, which has 3 force/moment components and is a standard product of CARDC, is chosen to measure the drag, see Fig. 7 . 
Data Processing
The drag coefficient is defined as
In which, F D is the drag force on the action model, is the density of air, U is the mean wind speed, and A is the characteristic area, which is the product of diameter and length of the action model. 
Testing Results and Analysis
The influence of Wind Direction
For the prototype bridge structure, certain inclination angles exist between the stay cables and bridge deck, therefore it is significant to perform the investigation pertaining to the relation between cable drag coefficients and inclination angles. Based on extensive wind tunnel tests, the law of change of drag coefficients in various inclination angles and horizontal yaw angles is obtained.
In these experiments, we studied the cable under different inclination angles and horizontal yaw angles of the influence of the different wind speed, and obtained the drag coefficients under different working conditions. The Reynolds Number is defined as:
ν is the kinematical viscosity reflecting wind tunnel temperatures. In the present tests, ν is about 1.50×10 -5 m²/s. It is noted the Reynolds Number defined by Eq. 4 is nominal. In fact, the drag coefficient is a function of effective Reynolds Number [Pope A and Harper J J (1966) ], which is the product of nominal Reynolds Number and factors decided by turbulence intensity, roughness and oscillation etc. As the turbulence intensity of the wind tunnel is 0.14%, the turbulence factor of wind tunnel is found to be about 1.13 [Pope A and Harper J J (1966) ]. The other factors related to roughness and oscillation should be also greater than 1. In this paper, only turbulence intensity of incoming flow was considered. the effective Reynolds number is defined as
According to the investigations, when remains constant, i.e. is 20 , 30 , 40 , 50 , 60 , the drag coefficients will increase when approaches 90 and reach the maximum value when is 90 , see Fig. 8-12 . When remains constant, i.e. is 0 , 10 , 90 , 170 , 180 , the variation of the inclination angle has a significant influence on the drag coefficients. But when the is 90 under different attack Angle, the drag coefficient difference is not big, see Fig. 13-17 . 
Surface Roughness Influence on Drag Coefficients
Measures improving aerodynamic properties have been taken in engineering practice in order to suppress the wind/rain induced vibration of large span cable-stayed bridges. Though change of the surface roughness could yield the satisfying results, the drag coefficients may increase as well. Therefore it is necessary to study the law of change of drag coefficients with different surface roughness.
Cables with helical fillet and dimpled pattern are usually adopted. The paper studies the effect of various helical fillet and dimpled pattern coverage rates on the drag coefficients. A law is established by studying the change tendency of drag coefficients for the cable with smooth surface. The study suggests that the drag coefficients will increase a lot while the surface roughness increases. And the drag coefficients will increase if the height of helical fillet increases while for the cables with the same height of helical fillet, the variation of wind speed has a little effect on the drag coefficients. In the same cases, the drag coefficients of cables with dimpled pattern are obviously less than cables with helical fillet. The drag coefficients of cables with dimpled pattern increase with the increase of wind speed. The drag coefficients distribution for different cable surfaces is shown in Fig.18-Fig.21 . 
Turbulent Influence on Drag Coefficients
The drag coefficient property of two kinds of cables (both smooth and dimpled pattern cables with the diameters of 139 mm and 169 mm) under the lateral bridge direction wind flow was also studied in this paper. The turbulent flow was generated uniform grid. The drag coefficients were obtained in both the smooth and turbulent flow field (Turbulence intensity is 9.3% and the turbulence integral scale is 0.148 m). The study results suggest that the turbulence will improve the effects of Reynolds Number which is consistent with ESDU (1986) . If the wind speed is as high as 22 m/s, the drag coefficients of cables with smooth surface will not increase even though the wind speed continues to increase. The turbulence intensity 9.3% improves the effects of Reynolds Number, and the drag coefficients decrease more than twofold (see Fig. 22 ). For cables with helical fillet and dimpled pattern, with the increase of turbulence intensity the drag coefficients will be reduced significantly, and the changes of drag coefficients varying with testing wind speed is relatively small (see Fig. 23 ). 
Conclusions
Based on the above study and analysis, the following conclusions could be drawn:
(1) When the inclination angle remains constant, the drag coefficients increase when the horizontal yaw angle approaches 90° and reach the maximum value when the angle is 90°.
(2) When the horizontal yaw angle remains constant, the variation of the inclination angle has a significant influence on the drag coefficients.
(3) The drag coefficients will increase a lot while the surface roughness increases. The drag coefficients of dimpled surface are significantly lower than the cables with helical fillet, but the values of drag coefficients increase with the wind speed increase. The variation of wind speed has a little effect on the drag coefficients of cables with helical fillet.
(4)The turbulence could improve the effects of Reynolds number and in the turbulent flow field the drag coefficients would not increase even though the wind speed increases. For cables with helical fillet and dimpled pattern, the presence of turbulence reduces the drag coefficients significantly.
